Introduction
The elemental composition of particulate matter in the surface ocean has significant implications for the role of the ocean in mediating atmospheric CO 2 . The productivity of the ocean is typically regulated by the availability of macronutrients and micronutrients [Moore et al., 2013] and not inorganic carbon. Thus, the ratio in which carbon is associated with N, P, and Fe (and other potentially limiting elemental resources) in sinking organic particles or subducted dissolved organic matter critically controls the efficiency of the ocean's biological carbon pump [Volk and Hoffert, 1985] . Redfield [1934] first characterized the composition of particulate organic matter in the ocean, revealing a relatively constant C:N:P of approximately 106:16:1 in surface particulate material. Based, in part, on early data compilations by Fleming [1940] , the chemical composition of particulate organic matter in the ocean is frequently interpreted to reflect that of the resident autotrophic population [Goldman et al., 1979; Engel et al., 2002; Martiny et al., 2013a] , and this canonical ratio has typically been adopted to represent the relative flow of these elements in ocean carbon cycle models [e.g., Gnanadesikan et al., 2002; Watson and Orr, 2003] . However, when photosynthetic capacity exceeds the energetic and carbon demands for synthesis of N-and P-rich macromolecules (proteins, nucleic acids, and some lipids), the C:N and C:P ratio of phytoplankton greatly exceeds the canonical Redfield ratio [Geider and La Roche, 2002; Laws and Bannister, 1980; Ågren, 2004] . For example, Goldman et al. [1979] report C:N of nitrogen-limited Dunaliella tertiolecta as high as 20:1 and C:P of phosphorus-limited Monochrysis lutheri as high as 1300:1.
Large areas of the oceans have the conditions to imbalance photosynthetic and nutrient assimilation capacity. In samples from the nutrient-depleted, western North Atlantic Ocean, Martiny et al. [2013b] recorded C:N ratios of Prochlorococcus, Synechococcus, and small eukaryotes all in excess of the Redfield ratio. However, these high ratios were not reflected in the ratio of the coincident bulk particulate matter (Figure 1 ). Consistent with the high C:N of primary producers observed by Martiny et al. [2013b] , several studies have independently documented carbon overconsumption (i.e., the consumption of inorganic carbon and nitrogen in ratios exceeding Redfield) , both by measuring directly the C:N incorporation ratio via 14 C and 15 N isotope experiments RESEARCH ARTICLE Figure 1. The C:N of phytoplankton is significantly higher than that of bulk particulate matter in samples recorded in warm, nutrient-depleted waters of the western North Atlantic Ocean (64.17 ∘ W, 31.67 ∘ N) [Martiny et al., 2013b] . Each box represents 73 measurements taken within the top 100 m of the water column. Phytoplankton samples were sorted using flow cytometry and composed mainly of Prochlorococcus, Synechococcus, and small eukaryotes. In total, the three groups composed 38 ± 21% of particulate organic carbon and 42 ± 25% of particulate organic nitrogen. Individually, Prochlorococcus, Synechococcus, and small eukaryotes had mean ratios of 10.1 ± 0.5%, 9.1 ± 0.3%, and 8.7 ± 0.3 (±SE), respectively, and the ratios of all three groups were above the bulk value [Martiny et al., 2013b] . The red lines show the median of each sample, blue boxes are first and third quartiles, whereas the lower and upper whiskers show the 5 and 95% confidence intervals, respectively. Blue crosses are outliers.
[ Le Bouteiller, 1993] and by inferring C:N uptake from changes in dissolved inorganic carbon and nitrogen concentration [Sambrotto et al., 1993; Körtzinger et al., 2001; Martz et al., 2014] . Despite apparent overconsumption, the vast majority of measurements suggest C:N of particulate organic matter (POC:PON) typically fall within a relatively low range (4-10) [Le Bouteiller, 1993; Schneider et al., 2003; Hickman et al., 2012; Martiny et al., 2013b] and do not reflect the full range of observations for autotrophic consumption and biomass. Two connected questions arise: What causes phytoplankton uptake and biomass stoichiometry to differ from that of the overall particulate organic matter? What causes the observed overconsumption of carbon?
Here we argue that taking an ecosystem view and considering the role of secondary producers can reconcile these observations. It has been shown that while autotrophs limited by nutrient supply accumulate carbon reserves [Rodolfi et al., 2009; Griffiths and Harrison, 2009] , microzooplankton under the same restriction deplete them [Meunier et al., 2012] . Using mathematical models, we demonstrate that during the transfer of biomass from primary producers to higher trophic levels, the energy costs of assimilation reduce excess carbon and regulate ecosystem elemental composition, which differs from that of the primary producers. We develop models of primary and secondary producer elemental composition and implement them in a three-dimensional ocean circulation model (MITgcm) [Marshall et al., 1997] . The coupled model is highly idealized, resolving just sufficient detail to address the questions raised. It qualitatively captures pertinent aspects of the elemental composition of the ecosystem and its observed regional variations. It provides a hypothesis for the reconciliation of differences between phytoplankton and total particulate C:N ratios and carbon overconsumption.
In the following sections, we compare predictions of phytoplankton and microzooplankton stoichiometry with laboratory observations. We describe the ecosystem model and its coupling with MITgcm and present simulations of phytoplankton and microzooplankton C:N ratio over the entire surface ocean. 
Particulate Detrital Matter Equations
a Each equation corresponds to a specific model compartment in Figure 2 . All "i" superscripts denote parameters and variables that are phytoplankton cell size specific. For clarity, only the summary equations are provided here; the full definitions of each process are provided in Table A2 .
We compare the C:N of modeled phytoplankton, microzooplankton, and detritus with a published compilation of overall POC:PON ratio [Martiny et al., 2013b] and, finally, consider the implications for largescale biogeochemistry.
Models and Methods
The main ecosystem model parameterization is reported in Table 1. In the sections that follow, we explain and justify the full equations used to parameterize phytoplankton and microzooplankton physiology. We then describe model implementation in a global ocean ecosystem context and compare simulations with a published compilation of relevant ocean data.
Physiological Models
We developed physiological models that resolve the main C-and N-containing subcellular components in photo-autotrophs and heterotrophic grazers ( Figure 2 and Table 1 ). We account for the significance of size constraints on autotrophic growth by resolving two size classes since size dependence may have a significant effect on regional variations of photo-autotrophic C:N in the ocean [Talmy et al., 2014] . For both physiological models we briefly outline the details and constraint by published laboratory culture data. Full variable and parameter definitions can be found in Appendix A and Tables A1 and A2. TALMY ET AL.
HETEROTROPHIC REGULATION OF POC:PON 313 Figure 2 . Schematic of modeled elemental flow for representative phytoplankton and microzooplankton types. The full Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) model actually has two phytoplankton size classes that are not shown here because the physiological model is representative for both groups. For both groups, phytoplankton accumulate intracellular stores of nitrogen and carbon via nutrient uptake and photosynthesis. Internal stores are then synthesized into proteins and associated structural membranes, at an energy cost parameterized as respiration [Geider and Osborne, 1989 ]. Phytoplankton cellular material is then consumed by grazers. Microzooplankton assimilation of food from the reserve compartment into functional cellular apparatus incurs a respiratory cost. Note that, dark grey shapes represent cellular material containing only N, whereas white shapes represent exclusively C-containing compounds. Light grey shapes represent components that contain both N and C. The size of the available carbon reserve for both groups is cell size dependent (Table A2 ) [Talmy et al., 2014] .
Photo-Autotroph Model
Following Talmy et al. [2014] , the autotroph model is an extension of the internal stores approach [Droop, 1983; Flynn, 2008] in which three explicit pools are represented ( Figure 2 ) (i) carbon storage as carbohydrates and lipids (Table 1 , equation (25)), (ii) nitrogen storage as an inorganic reserve pool (Table 1 , equation (26)), and (iii) a functional pool of C and N in the form of proteins and structural membranes with fixed ratio, F (see Tables 1 and A1 and equation (27)). The carbon reserve accumulates via photosynthesis, which is assumed to be a saturating function of the ambient irradiance
In equation (1) and all that follow, each i superscript denotes parameters and variables that are phytoplankton size class specific. P i n is the rate of photosynthesis for phytoplankton size class i, P i m is the saturation photosynthetic rate, and i is the initial slope of the photosynthesis-irradiance curve. The maximum rate of photosynthesis is a linearly decreasing function of the carbon reserve content [Talmy et al., 2014] : 
where F is the stoichiometry of the functional cellular apparatus and are the saturation rate and half-saturation constants for nutrient uptake. The saturation value for nutrient uptake is a linearly decreasing function of the reserve nutrient concentration [Thingstad, 1987] :
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where
are half-saturation constants for nitrogen and carbon limitation and
is a size class-specific maximal synthesis rate. At all times, the actual rate of synthesis is taken as the minimum of each separate Michaelis-Menten relation for carbon and nitrogen-limited synthesis [Talmy et al., 2014] .
Equations (1) to (7) describing carbon and nitrogen metabolism are coupled in the ecosystem equations presented in Table 1 (Figure 2 ). Each unit of nitrogen synthesized into functional apparatus incurs a cost of p carbon units for respiration (Table 1 , equation (25)) [Geider et al., 1998 ]. There is an additional, imposed maintenance respiration cost, r C,p , that is independent of growth rate (Table 1 , equation (25)). The total cellular carbon-to-nitrogen ratio is calculated by aggregating the functional and reserve carbon and nitrogen concentrations:
Simulations of continuous cultures with both large and small size classes were compared with measurements of cultures grown in chemostats absent of predators. The model was numerically integrated until steady state was reached for a range of dilution rates which matched the experimental conditions. Low dilution rates are expected to lead to nutrient limitation [e.g., Droop, 1973] . Nitrogen-limited chemostats with Synechococcus WH8102 [Lopez et al., 2016] and Selenastrum minutum [Elrifi and Turpin, 1985] both show elevated C:N ratios at lower dilution rates, where nitrogen limitation is most intense (red circles, Figure 3 synthesis. The range of C:N for the relatively small cyanobacterium is significantly less than the range of C:N for the somewhat larger eukaryote, S. minutum (blue circles, Figure 3 ). By restricting the capacity for carbon storage in the smaller size class, the model captures contrasting responses for small and large phytoplankton cells (solid lines, Figure 3 ). The cell size dependence of C:N ratio is likely to be an important constraint on regional variations in phytoplankton C:N ratio in the ocean [Talmy et al., 2014] .
Microzooplankton Model
The microzooplankton model is conceptually similar and is a simplified version of the previously published model of Anderson et al. [2005] . Whereas the model of Anderson et al. [2005] was parameterized and tuned for a multicellular heterotroph, we develop and test our model on the microzooplankton Oxyrrhis marina.
Microzooplankton are the dominant consumers of phytoplankton across the worlds' oceans [Calbet and Landry, 2004] , and O. marina is increasingly used as a model organism to represent this functional group [Montagnes et al., 2011] . The model assumes that the carbon and nitrogen content of ingested prey directly influences the composition of internal reserve material of a typical microzooplankton. Internal C and N reserves may either be assimilated into functional apparatus, or lost due to maintenance and activity respiration. The model accounts separately for unassimilated reserves of N and C (Table 1 , equations (28) and (29)), as well as functional and structural apparatus (Table 1 , equation (30)). Ingested food contributes directly to the reserve compartments, such that all new additions to the reserves match exactly the C:N concentration of the prey and may thus contain any of the macromolecules (lipids, proteins, etc.) , that were present in the food items. We assume that the bulk N in the reserve compartment is homogenous with respect to its effect on growth [cf. Anderson et al., 2004] . The overall rate of ingestion is a saturating function of the prey concentration:
is a phytoplankton size class-specific half-saturation constant and G i m is the saturation value. We impose a Holling type III functional response for predator-prey interactions, reflecting reduced grazing rates when particular prey concentrations are low and alternate food sources are present [Holling, 1959 , Gentleman et al., 2003 . The maximum rate of ingestion is a decreasing function of the internal reserve nitrogen concentration, which assumes predators with a large internal concentration of unassimilated nitrogen downregulate their rate of consumption:
and G i max are the maximal concentration of microzooplankton reserve N and the maximal grazing rate, respectively. The maximal concentration of reserve nitrogen is again a fixed ratio, N,z of the functional nitrogen concentration:
Assimilation of ingested material depends on the reserve N and C concentration. The rate of assimilation is the minimum of saturating, Michaelis-Menten style functions of carbon and nitrogen reserves, normalized by the existing concentration of functional apparatus:
where K N,z and K C,z are half-saturation constants for nitrogen and carbon, respectively, and max,z is a maximal assimilation rate.
Equations (9) to (12) are coupled together in the ecosystem equations in Table 1 (Figure 2) , and all parameter units and full definitions are in Table A2 . As in the phytoplankton model, assimilation of functional apparatus incurs a respiratory cost, z (see Table 1 , equation (28)), and there is an additional maintenance respiration term that is independent of growth rate (r C,p , Table 1 , equation (28)). When the microzooplankton reserves have excess C relative to the carbon demand for synthesis of nitrogen reserves into functional material, respiration only draws from the carbon reserve [Mitra, 2006] . In the opposing circumstance, respiration incurs a cost from both carbon and nitrogen reserves. Thus, the nitrogen lost due to respiration, r N,z , is where z is the N:C ratio of the microzooplankton population:
Thus, microzooplankton preferentially respire storage carbohydrates and lipids when those compounds are internally available in excess [Mitra, 2006] . When grazers run out of storage carbohydrates and lipids, they respire both C and N.
We constrained key parameters of this model by simulating a published laboratory culture experiment (Table A2 and Figure 4 ). When fed on Rhodomonas salina with a C:N ratio of 14.2, the heterotrophic dinoflagellate Oxyrrhis marina had a C:N ratio ∼9 (beginning of the experiment depicted in Figure 4 ) [Meunier et al., 2012] . Once the food supply was cut off completely, the C:N ratio of Oxyrrhis marina declined over the course of several days (circles, Figure 4 ) [Meunier et al., 2012] . The microzooplankton model was solved numerically in environmental conditions that matched exactly the experiment of Meunier et al. [2012] . The model qualitatively reproduces the time-dependent C:N ratio of Oxyrrhis marina, both at the start of the experiment when the heterotroph consumes phytoplankton with a C:N ratio of 14.2 and during the later period of decline (solid line, Figure 4 ).
In summary, the phytoplankton and microzooplankton models encapsulate contrasting C:N variation in response to nitrogen limitation (Figures A1 and A2): phytoplankton have a reduced capacity to synthesize protein but their ability to fix carbon remains relatively unaffected, leading to high C:N ratios (Figure 3 ) [Rodolfi et al., 2009, Griffiths and Harrison, 2009] . In contrast, when nitrogen limited, microzooplankton respire carbon which is surplus to synthesis requirements, retaining nitrogen and reducing C:N, consistent with the study of Oxyrrhis marina [Meunier et al., 2012] .
Global Ocean Ecosystem Model
To explore the ecological implications of these characteristics, we introduce these parameterizations of primary and secondary producer elemental composition into a global ocean ecosystem, biogeochemistry, and circulation model (MITgcm). The ecosystem model simulates flow of C and N between inorganic nutrients, two size classes of photo-autotroph, microzooplankton, and detritus. It is embedded in a coarse-resolution (1 ∘ × 1 ∘ horizontal, 24 vertical levels), climatologically averaged, global ocean circulation model that has been constrained with satellite and in situ observations [Wunsch and Heimbach, 2007] . Since cellular C:N is markedly different in small and large phytoplankton cells, we resolve two size classes: one representative of the cyanobacteria that dominate in the oligotrophic gyres, and another representative of larger eukaryotes, with a relatively large range of C:N values in different growth conditions, following Talmy et al. [2014] .
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Microzooplankton are the dominant consumers of phytoplankton in the worlds oceans [Calbet and Landry, 2004] , and a single size class consume both small and large cells with equal preference, according to a Holling III-type, saturating function of prey concentration (equation (9)). The flow of material from biomass pools to detritus is treated as in , as is remineralization back into inorganic form. For parsimony, the only inorganic pools we resolve explicitly are NO − 3
and dissolved inorganic carbon. The full ecosystem model equations are defined and explained in Appendix A.
Model Parameter Values
In some cases, parameter values were derived using allometry following, e.g., and Talmy et al. [2014] . Small and large phytoplankton cells corresponded to populations with average cell diameters of 0.5 and 10 μm, a large enough range to yield contrast between the relatively inflexible C:N of cyanobacteria, and larger eukaryotes [Talmy et al., 2014] . Some parameters were taken from the literature, and those that were not were tuned to the experimental measurements for Synechococcus, S. minutum, and O. marina (Figures 3  and 4) . Laboratory experiments do not fully capture real-world environments, and a few parameters that gave suitable fits to the laboratory data, were tuned separately for the ocean model.
Model-Data Comparisons
The modeled distributions of two phytoplankton size classes, a representative microzooplankton, and the particulate detrital pool are compared with a recently compiled data set of 40,482 observations of the oceanic POC:PON ratio [Martiny et al., 2013a [Martiny et al., , 2013b . Particulate organic matter (POM; material collected with filter of pore size ∼0.7 μm) may include intact phytoplankton, microzooplankton, detrital material, and particle aggregates. Bulk measurements of the elemental composition of POM reflect contributions of each of these potentially diverse substances. The model presented here resolves spatial and temporal variation in the abundance of phytoplankton and microzooplankton, as well as particulate detritus. To compare simulations and observations, we sampled the model at the time of year and geographic location of each separate observation (i.e., a "point-to-point" comparison [de Mora et al., 2013] ). Observed C:N ratios greater than 20 and less than 2 are outside of the ranges reported elsewhere in the literature [Geider and La Roche, 2002; Schneider et al., 2003] and were excluded from the analysis. Full details on data collection and analysis can be found in Martiny et al. [2013a Martiny et al. [ , 2013b . We compared the C:N of aggregated phytoplankton, microzooplankton and detrital material with the C:N of bulk particulate material in 12 distinct ocean biomes characterized by contrasting light and nutrient conditions.
Results and Discussion: Simulations of Global Surface Ocean C:N Ratios
We present and explore large-scale variations in the biomass and C:N ratios of simulated phytoplankton, microzooplankton, and total particulate material. The simulations are shown to be consistent with in situ observations of POC:PON averaged over 12 distinct ocean regions. The model reveals the significance of secondary producers in modulating the observed elemental composition of the aggregate particulate pool.
Biomass and Size Structure
The simulated aggregate of phytoplankton and microzooplankton carbon biomass is lowest in the stratified oligotrophic gyres and highest in the eutrophic equatorial upwelling, coastal regions, and higher-latitude seasonally stratified seas (Figure 5a ). The basin-scale patterns of phytoplankton biomass are qualitatively consistent with prior studies of phytoplankton biomass distribution [Moore et al., 2004; Uitz et al., 2006; Gregg and Casey, 2007; Westberry et al., 2008; . We did not explicitly resolve the iron cycle and micronutrient limitation, so simulated biomass concentrations in the high-nutrient, low-chlorophyll (HNLC) regions such as the Antarctic [Hart, 1934 [Hart, , 1942 and the northeast Pacific subarctic [McAllister et al., 1961] are overestimated.
The partitioning of simulated biomass with size and trophic level (Figure 5b ) is plausible and consistent with prior studies: In permanently oligotrophic areas, where phytoplankton grow close to the community minimum resource requirement (i.e., R * ) [Tilman, 1982; Dutkiewicz et al., 2009] , high surface-area-to-volume ratio is a strong constraint on competitive interactions and picoplankton dominate the autotrophic population. As resource delivery rates increase, predator populations grow in and exert a top-down control on the picoplankton population size, and nutrient limitation no longer prevents large phytoplankton from acquiring resouces. At sufficiently high rates of resource supply, each phytoplankton size class achieves a standing stock of biomass that is determined by top-down influences [Poulin and Franks, 2010] (Figure 5b For both phytoplankton and microzooplankton, the total carbon density is calculated as the sum of each respective carbon reserve compartment, and the carbon content of each "functional and structural" component. Chisholm, 1992] and richer, size-structured models [Armstrong, 1994; Poulin and Franks, 2010; Ward et al., 2013] . In addition, in more productive systems, simulated microzooplankton populations constitute an increasingly large proportion of total biomass, also consistent with richer, size-structured models [Poulin and Franks, 2010; Ward et al., 2013] . The ratio of modeled microzooplankton to total phytoplankton is on the order 1:1 (g g −1 ), comparable to measurements of total herbivore to producer ratios in pelagic systems [Cebrian et al., 2009] .
Phytoplankton, Microzooplankton, and Detrital C:N
For both phytoplankton size classes, the model predicts highest phytoplankton C:N in the permanently stratified ocean gyres ( Figure 6 ). Here nutrient limitation is intense, while the photon flux and carbon fixation are enhanced. Large phytoplankton with enhanced storage reach C:N values as high as ∼17, whereas small phytoplankton reach maximum ratios of ∼10 (Figure 6 ). In oligotrophic environments, small phytoplankton are superior competitors for nutrients [Chisholm, 1992; Clark et al., 2013] and dominate biomass (Figure 5b ). Even though large phytoplankton have C:N ratios as high as ∼17, the total, aggregated C:N ratio is much lower (Figure 7a ), demonstrating significant control of picoplankton on autotrophic elemental composition. In light-stressed, high-latitude ocean environments, nutrients are often available in excess and the C:N ratio of phototrophs is relatively low, for both size classes ( Figure 6 ). In the annual mean, the productive, seasonally stratified surface oceans at high latitude are more light-limited than the oligotrophic gyres, and phytoplankton in those regions do not build such a large reserve of excess carbon (Figure 7a) . Similarly, the enhanced nutrient supply in coastal and equatorial upwelling regimes also alleviates nutrient limitation and reduces C:N ratios (Figure 7a ).
Similar to the phytoplankton, the highest microzooplankton C:N ratios are in the gyres, with lower values in the coastal upwelling and high-latitude regions (Figure 7b ). However, the C:N of modeled microzooplankton in nutrient-limited regions of the ocean is generally significantly lower than that of phytoplankton. The oligotrophic gyres represent a significant challenge to the resident microzooplankton populations; there they are likely to be limited both by food quality and food quantity and a significant proportion of carbon in food is likely to be spent on respiration, driving the C:N of the grazer population down. In more eutrophic subpolar and equatorial regimes, where phytoplankton do not have an excess of carbon, microzooplankton still preferentially respire excess C, but the overall disparity between simulated microzooplankton and phytoplankton elemental composition is lower than in the relatively high-light ocean gyres. The C:N of aggregated phytoplankton and microzooplankton biomass falls in between the two and is typically bracketed by the microzooplankton at its lower limit, and phytoplankton at its upper limit (Figure 7c ). Thus, in many parts of the ocean, phytoplankton may only exert a partial influence on the ratio of organic matter, with secondary producers playing an important role. . The upper and lower edges of each blue box correspond to the upper and lower quartiles of the data, and the whiskers correspond to the 95% confidence interval. Whiskers on the green and black lines correspond to upper and lower quartiles. When medians are compared, the C:N for aggregated phytoplankton, microzooplankton, and detritus is comparable to the data medians for each ocean domain. In high-light, low-nutrient environments, phytoplankton C:N is consistently higher than Redfield, which is not reflected in the bulk particulates.
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To understand the influence of phytoplankton on overall POC:PON ratio, aggregates of modeled phytoplankton, microzooplankton, and particulate detrital biomass were compared with measurements of oceanic POC:PON. The graphs show that the model is consistently within the upper and lower quartiles of POC:PON measurements for the majority of 12 distinct ocean regimes, and well within 95% confidence intervals (Figure 8 ). Although the model and data have POC:PON ratios close to the canonical Redfield ratio of 6.6, this composition is only partially influenced by the primary producers, whose elemental composition is consistently higher than that of the total particulate, especially in warmer, stratified environments ( Figure 7) . Cooler waters at high latitude, e.g., the North Atlantic and the Southern Oceans, tend to show closer agreement TALMY ET AL. HETEROTROPHIC REGULATION OF POC:PON 321 Figure 9 . Histograms of stoichiometry comparing (a) observed and modeled carbon-to-nitrogen ratio and (b) modeled phytoplankton, microzooplankton, and detrital carbon-to-nitrogen ratio. The observed carbon-to-nitrogen ratio of POC:PON in Figure 9a is from a compilation by Martiny et al. [2013b] . The model result in Figure 9a is C:N ratio for aggregated phytoplankton, microzooplankton, and detritus in the entire ocean domain, derived using the model in Figure 2 coupled to the MITgcm. The median and standard deviations for the modeled C:N ratios in Figure 9a are 6.5 and 0.64, respectively, and the median and standard deviation for the data are 6.6 and 2.5. In general, the model predicts microzooplankton have lower C:N ratio than phytoplankton.
between POC:PON and phytoplankton C:N (Figure 8 ). Thus, transfer of carbon and nitrogen through trophic levels could be an important control on the overall stoichiometry of organic matter in the ocean, especially in nutrient-stressed, high-light environments such as the oligotrophic gyres.
We compared histograms of the aggregates of phytoplankton, microzooplankton, and detrital biomass with measurements of POC:PON sampled globally, and the results show broad consistency between the model and the data (Figure 9a ). We decomposed the C:N of bulk particulate matter into the three main constituents at every observation data point, to reveal systematic differences between the three groups ( Figure 9b) . Typically, the observed POC:PON ratio is a composite of high-phytoplankton C:N, combined with a microzooplankton population that is somewhat lower. The modeled particulate detritus pool consists of dead phytoplankton and microzooplankton, and a histogram of its C:N ratio represents an amalgam of both groups (Figure 9b ). Though appropriate marine observations are not available to test this prediction, it is pleasing that the results are consistent with observations in terrestrial and freshwater ecosystems: there the C:N ratio of autotrophs is generally higher than the C:N of consumers [Elser et al., 2000; Persson et al., 2010 ].
The C:N ratio of phytoplankton increases systematically, in a linear fashion, as a function of irradiance between the 12 regimes depicted in Figure 8 (Figure 10a ). In contrast, the microzooplankton show much less variation as a function of light intensity in each ocean regime (Figure 10a ). Measurements of POC:PON also show little variation as a function of average light intensity, which is consistent with the aggregate of modeled phytoplankton, microzooplankton, and detritus (Figures 10b and 10c) . Thus, although the ecosystem model suggests the C:N ratio of phototrophs should increase systematically as a function of irradiance, lack of systematic variation in the data is likely due to preferential respiration of carbon by higher trophic levels. Model data used for all averages were obtained by sampling the model at the grid cell corresponding to the time, latitude, and longitude of each sampling station described by Martiny et al. [2013b] . Note that the model PFD was used in all calculations. The model predicts a larger discrepancy between phytoplankton and microzooplankton C:N ratio in high-light environments.
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Biogeochemical Implications
The efficiency of the ocean's biological carbon pump depends upon the flux and quality of the material that sinks out of the surface layer [Broecker, 1983; Volk and Hoffert, 1985] , which include detritus originating from phytoplankton and zooplankton in aggregates held together by sticky material [Fowler and Knauer, 1986] . The quality of material and the efficiency of the biological pump, depend on the relation between upwelled nutrients assimilated into biomass, and net primary production. The conversion between nutrient assimilation and carbon fixation requires understanding of elemental composition, which is usually assumed to be homogenously Redfield [e.g., Gnanadesikan et al., 2002; Watson and Orr, 2003] . If the contributions of phytoplanktonand zooplankton-derived detritus are consistently different, our results (Figures 7-10 ) could have important implications for our understanding of the biological carbon pump. For example, in the summer time at high latitude, there could be large excess of carbon fixation relative to nutrient uptake, leading to elevated phytoplankton C:N. Elevated phytoplankton C:N may not be evident in measurements of particulate organic matter, but nonetheless constitute a significant portion of material sinking to the deep ocean. Thus, calculations of biological pump efficiency could benefit from understanding of each separate component of the particulate pool in these areas.
Implications for Ecosystem Health
As well as influencing biological pump efficiency, the phytoplankton C:N ratio can also be used to infer growth rate and ecosystem productivity [Eppley et al., 1973; Tett et al., 1975] . The chemical composition of particulate organic matter in the ocean is frequently interpreted to reflect that of the resident autotrophic population [Goldman et al., 1979; Engel et al., 2002; Martiny et al., 2013a ]. Yet recent observations have shown that phytoplankton C:N ratio in nutrient-depleted warm waters of the western North Atlantic Ocean are significantly higher than the C:N ratio of bulk particulate organic matter (Figure 1 ) [Martiny et al., 2013b [Martiny et al., , 2013a . Our results (Figures 8-10 ), along with previously published meta-analyses of producer and herbivore elemental composition [Elser et al., 2000; Persson et al., 2010] , suggest the elemental composition of organic matter is likely to reflect not just the phytoplankton, but aggregated, systematically different constituents. Thus, bulk particulates do not, in general, reflect the elemental composition of phytoplankton and should not be used to infer phytoplankton growth rates. Instead, measurements of individual constituents of particulate organic matter are required.
Caveats and Future Needs
This model of oceanic detritus is still highly idealized. We did not account explicitly for bacterial remineralization, which is expected to drive relatively small increases in the C:N ratio of POM at depths well TALMY ET AL. HETEROTROPHIC REGULATION OF POC:PON 323 beneath the euphotic zone due to bacterial preference for nitrogen [Schneider et al., 2003] . Furthermore, we did not account at all for the interplay between the dissolved and particulate pools. Nutrient-stressed phytoplankton are known to excrete carbon-rich transparent exopolymeric polysaccharides (TEP), which contribute to particle aggregation and sinking [Mari et al., 2005; Schartau et al., 2007] . The model assumes all excess carbon is available for remineralization and respiration and does not account for recalcitrant dissolved organic carbon [Jiao et al., 2010] that may enter the POM pool via particle aggregation [Verdugo et al., 2004] . Thus, although the average modeled C:N ratio is consistent with POC:PON observations, the model does not reproduce some high C:N values in the tail of the distribution (Figure 9a ). Our physiologically based ecological model is a foundation on which other important processes mentioned here, such as TEP-mediated particle aggregation, may be incorporated in mechanistic biogeochemical models of carbon export.
We modeled just three size classes, a small and large phytoplankton and a microzooplankton grazer. The small phytoplankton was tuned to data for Synechococcus, which are extremely abundant in the oligotrophic gyres [Flombaum et al., 2013] . Nonetheless, additional information about C:N variation of other picocyanobacteria and picoeukaryotes would strengthen our predictions of picophytoplankton elemental composition (Figure 6a ). The large variation in C:N for the large size class (Figures 3 and 6b) has been observed for a reasonably wide range of larger eukaryotes subjected to nutrient limitation [Caperon and Meyer, 1972; Laws and Wong, 1978; Laws and Bannister, 1980; Sakshaug et al., 1989] . The dinoflagellate O. marina is predominately found in coastal environments [Montagnes et al., 2011] , and our model would benefit from data describing C:N ratios of microzooplankton that dominate in open ocean environments. Larger, multicellular zooplankton at high lattitude accumulate large lipid stores leading to relatively high C:N ratios [Forest et al., 2011] . If microzooplankton in colder climates adopt a similar metabolic strategy, then C:N ratios at high latitude could be elevated, changing significantly the patterns depicted in Figure 7 . Future modeling studies could benefit from incorporating zooplankton metabolic adaptations to high-latitude environments.
The results depicted in Figures 6 to 10 are of course dependent on our choice of parameter values (Table A2) . For example, the mean C:N ratio of both phytoplankton and microzooplankton are controlled, to first order, by the assumed composition of functional cellular apparatus ( F ) and changing these values has direct control over the average value of each distribution in (Figure 9b ). Furthermore, the capacity for carbon storage in phytoplankton (
), controls the accumulation of carbon, as do the maintenance respiration costs (r C,p , r C,z ). Enhanced capacity for phytoplankton carbon storage leads to higher overall C:N ratios, whereas enhanced carbon respiration rates deplete carbon reserves and drive down the overall C:N ratio. Parameters controlling small versus large competition for nutrients (e.g., the half saturation for nutrient uptake, K i S , equation (4)) influence the contribution of small versus large phytoplankton to total biomass and parameters that control the affinity of microzooplankton for different phytoplankton groups (e.g., the maximum grazing rate (G i max )) influence the overall ratio of phytoplankton to microzooplankton ( Figure 5 ). Our finding that interactions between small and large phytoplankton and higher trophic levels influence POC:PON ratios points to the need for the most important parameters (e.g.,
, and G i max ) to be well constrained for a range of species occupying different ocean habitats.
Our aim was to encapsulate the basic, underlying mechanisms of autotrophy and heterotrophy by microzooplankton, to assess in isolation their contributions to the chemical composition of particulate organic matter. The data describing bulk POC:PON are insufficient to constrain each of the constituents of particulate organic matter, and our model results (Figures 7-10) should not be treated as precise estimates. We did not explicitly account for the contribution of nitrogen fixation or iron limitation [Gruber and Sarmiento, 1997] , nor for the cycling and uptake of ammonium [Dortch, 1990] , or phosphorus, all of which are likely to influence where, when and by how much, nutrient limitation drives an imbalance between photosynthesis and biosynthesis. Phytoplankton limited by iron often do not show large variation in C:N [Sakshaug and Holm-Hansen, 1977; Price, 2005] , and the model may thus overpredict phytoplankton C:N in HNLC regions such as the Antarctic [Hart, 1934 [Hart, , 1942 and the northeast Pacific subarctic [McAllister et al., 1961] , perhaps due to the high iron requirement of photosynthetic proteins necessary for carbon fixation [Geider and La Roche, 1994] . However, our main conclusion that phytoplankton carbon accumulated during nutrient limitation is lost in trophic transfer ( Figure 9 ) does not depend on the precision with which we can reproduce the degree of nutrient limitation in different ocean regimes.
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Outlook
Understanding the elemental composition of the ocean depends on the underlying metabolic diversity that regulates nutrient storage and assimilation [Daines et al., 2014] . The model presented here resolves the main metabolic processes that regulate metabolism for a small group of representative organisms. Our results point to a need to understand separately the zooplankton, phytoplankton, and detrital contributions to particulate organic matter, for both the biological carbon pump efficiency and diagnosing ecosystem health. Measurements of separate constituents of organic matter have proved challenging in the past, but sorting of phytoplankton from other organic components with flow cytometry [e.g., Martiny et al., 2013b; Graff et al., 2015] , is an exciting avenue for more improved understanding of phytoplankton ecophysiology, and ultimately the influence of phytoplankton on carbon cycling in the ocean.
Appendix A: Ecosystem Model Description
Each tracer within the modeled ecosystem is constrained with mass balance equations for advection, mixing, sinking, and biological source and sink terms. In this appendix, we describe the mass balance equations for each significant tracer. The format is very similar to previous descriptions included in, e.g., Follows et al. [2007] , Dutkiewicz et al. [2009 Dutkiewicz et al. [ , 2012 , .
Nitrate mass balance NO
where u is a three-dimensional velocity field and K is a three-dimensional field of mixing coefficients. The phytoplankton reserve carbon (C i R,p ), and all other tracers have exactly the same form and are mentioned here in summary.
Zooplankton reserve carbon (C R,z ) mass balance
Zooplankton reserve nitrogen (N R,z ) mass balance [Litchman et al., 2007] .
Half saturation for nutrient uptake, allometry [Litchman et al., 2007] .
Maximum grazing rate, allometry .
Grazing half saturation, allometry . toward particulate detritus .
mort z --0.5 -Fraction of microzooplankton mortality toward particulate detritus .
graz p 0.8 0.5 --Fraction of microzooplankton sloppy feeding toward particulate detritus . Several of the biological source and sink terms are defined in the main text (Table 1) . Here we define additional source and sink terms for nitrate, dissolved detrital carbon, and dissolved detrital nitrogen: 
where R defines the temperature sensitivity and T ref is a reference temperature at which T = 1 (Table A1 ). Follows. A.C. Martiny was supported by NSF Dimensions of Biodiversity, grant OCE-1046297. The data in Figure 1 are available as a supplement with Martiny et al. [2013a Martiny et al. [ , 2013b . The data set containing POC:PON observations (Figures 8-10 
